) at the same v i . Therefore, the MLG demonstrates specific delocalized penetration energy 8 to 12 times higher than that of steel due to the strong delocalization behavior at these impact speeds. As the higher delocalization effect results in a wider penetration hole, this tendency could be disadvantageous in certain aspects such as multi-hit capability. However, this potential weakness of MLG will be substantially relieved when the crack propagation is deflected by forming a composite.
Our microscopic ballistic results reveal that the superior in-plane speed of sound, high strength, stiffness, and structural anisotropy make MLG an extraordinary armor material exhibiting excellent impact energy delocalization under a supersonic penetration event. Because material far beyond the strike face area can also consume kinetic energy from the m-bullet while the MLG membrane sustains high dynamic tensile stress, the m-bullet effectively experiences a higher areal density material. As large-scale production of graphene-based composite materials is becoming possible (28) , other graphene-like materials are being studied (29) , and the results suggest opportunities for the use of ordered anisotropic nanocomposites for surprising mechanical applications. The good correspondence between the micro-and macroscopic projectile penetration tests, especially in the measured specific energy absorption, suggests that the microballistic method with its high-energy resolution may offer an effective means for the exploration of high-strain-rate physics of various materials, as well as practical advantages in rapid, high-throughput testing.
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REPELLENT SURFACES
Turning a surface superrepellent even to completely wetting liquids Tingyi "Leo" Liu 1 and Chang-Jin "CJ" Kim 1,2 * Superhydrophobic and superoleophobic surfaces have so far been made by roughening a hydrophobic material. However, no surfaces were able to repel extremely-low-energy liquids such as fluorinated solvents, which completely wet even the most hydrophobic material. We show how roughness alone, if made of a specific doubly reentrant structure that enables very low liquid-solid contact fraction, can render the surface of any material superrepellent. Starting from a completely wettable material (silica), we micro-and nanostructure its surface to make it superomniphobic and bounce off all available liquids, including perfluorohexane. The same superomniphobicity is further confirmed with identical surfaces of a metal and a polymer. Free of any hydrophobic coating, the superomniphobic silica surface also withstands temperatures over 1000°C and resists biofouling.
T he ability to understand the extraordinary liquid repellency of natural surfaces (1, 2) has affected a wide range of scientific and technological areas, from coatings (3), heat transfer (4), and drag reduction (5) to biomimetics (6) . Whereas the wetting-resistant surfaces developed since the 1960s (7-10) used only surface roughness to trap gas with no interest in the apparent contact angles, superhydrophobic surfaces created since the late 1990s (1, 11, 12) combined the roughness with a hydrophobic material to superrepel water-that is, to display a very large apparent contact angle (q* > 150°) and a very small roll-off angle (q roll-off < 10°). For low-energy liquids such as oils or organic solvents, a roughness with overhanging topology was necessary to make the hydrophobic material superoleophobic (13, 14) , omniphobic (15) , or superomniphobic (16, 17) . Despite the use of the prefix "omni-" (6, (15) (16) (17) (18) , however, no natural or man-made surface has been reported to repel liquids of extremely low surface tension or energy (i.e., g < 15 mJ/m 2 ), such as fluorinated solvents, which completely wet existing materials (10, (19) (20) (21) . Departing from the prevailing approach of roughening a hydrophobic material, we first propose that the material's inherent wettability, depicted by the intrinsic contact angle q Y , is irrelevant when dealing with a completely wetting liquid (q Y = 0°). Focusing instead solely on the roughness details, we develop a surface that superrepels all available liquids, including fluorinated solvents-for instance, perfluorohexane (C 6 F 14 ; namely, 3M Fluorinert FC-72), whose surface energy (g = 10 mJ/m 2 ) is the lowest known and which has never been observed to bead up, let alone roll off, on any surface.
To avoid the confusion with the petal effect (22) , in which a droplet with large contact angles sticks to the surface, it helps to first clarify that "repelling" means that droplets not only bead on but also roll off the surface. To repel (i.e., q* > 90°w ith a small q roll-off ) or superrepel (q* > 150°with q roll-off < 10°) a wetting liquid (q Y < 90°) on a structured surface, two conditions must be met: (i) a successful liquid suspension on the roughness and (ii) a low liquid-solid contact. The microstructures should first be able to suspend the liquid, supporting a composite interface proposed by Cassie and Baxter (23) . Once suspended, decreasing the liquid-solid contact would increase q* and reduce q roll-off , hence increasing the repellency. In the rare cases of a highly wetting (q Y < 10°) liquid beading (i.e., successful suspension and q* > 90°) on a structured surface-for example, water on SiO 2 (13, 24) or hexane on nickel (16)-the liquid stuck on the surface rather than rolled off; these surfaces are not considered to repel the liquid, despite the beading.
Liquid suspension by surface structures (or resisting liquid wetting by surface topologies with characteristic length smaller than the liquid's capillary length) was proposed in the 1960s with q Y as a critical parameter (8, 10) . For q Y > 90°, as in water or aqueous solutions on a hydrophobic material, a simple microstructure (Fig. 1A) would suspend the liquid to a Cassie state (1, 2, 8, 10-12) (figs. S1 and S2). For q Y < 90°, as in oils and organic solvents on a hydrophobic material or water on a slightly hydrophilic material, a reentrant microstructure (Fig. 1B) is required to suspend the liquid and resist it from wetting into the cavity (3, 8, 10, 13-18, 25). From simple force balance, the reentrant topology of Fig. 1B would suspend a liquid even with q Y~0°i n the absence of any positive liquid pressure. However, there is always a pressure in reality (e.g., hydrostatic, Laplace, or environmental perturbation), and once pushed into the cavity the liquid spreads spontaneously. So far, the most successful suspension was for liquids with surface energy as small as g~15 mJ/m 2 [i.e., pentane (15, 16) and isopentane (16)], leaving many fluorinated solvents unresolved.
In addition to the reentrant microstructure, it has long been hypothesized that surface structures of a doubly reentrant topology (Fig. 1C ) might provide a stronger resistance against wetting and retain suspension, even if q Y~0° ( 8-10, 15, 26) . The mechanism of suspending such a completely wetting liquid on a doubly reentrant microstructure is reasoned as follows (see Fig. 1C ): Upon contacting the surface, the liquid would wet the top surface and continue down along the sidewall of the vertical overhangs. The liquid would stop advancing at the bottom tip of the vertical overhangs, where the surface tension can start to point upward. Though this concept of suspending even highly wetting liquids on a doubly reentrant topology has been known (8-10, 15, 26) and confirmed with water (24), the liquid-solid contact fraction should be sufficiently low for the resulting surface to not only suspend but also repel the liquid. A highly wetting (q Y < 10°) liquid suspended on the microstructures would still spread (i.e., q* < 90°) on the composite surface unless the liquid rests mostly on air. To understand how far we are from being able to repel the highly wetting liquids, let us assess the contribution of air to the repellency.
The apparent contact angle q* for a suspended droplet (i.e., in a Cassie state) is described by the Cassie-Baxter model (23) as
where f s is the liquid-solid contact fraction [or "solid fraction" for short; i.e., the proportion of liquid-solid contact area (including the wetted regions inside the roughness) to the projected area of the entire composite interface], f g is the gas fraction similarly defined for liquid-vapor interface, and f s + f g ≥ 1 (27) . If the liquid-solid and liquid-vapor interfaces are perfectly flat, neglecting any solid roughness and meniscus curvature-that is, the ideal Cassie state with f s + f g = 1-Eq. 1 simplifies to
Although valid only for the ideal Cassie state, Eq. 2 allows us to qualitatively explore the relation between q*, f s , and q Y . In addition to the widely appreciated consequence that q* can be greatly increased as f s decreases, we examine the role of the intrinsic contact angle q Y by plotting Eq. 2 with q Y as a parameter in Fig. 2 . As is evident, the difference between the q* values of a large q Y and a small q Y decreases as f s decreases. In other words, by minimizing f s the contribution of the material's inherent nonwettability (described by the magnitude of q Y ) on the liquid repellency (described by the magnitude of q*) diminishes. This diminishing trend suggests that a structured surface may repel extremely wetting liquids if f s is very small. For example, even a completely wetting liquid (q Y = 0°) may be superrepelled (q* > 150°) if f s < 6%. However, it should not be forgotten that this argument is valid only for the Cassie state (i.e., the suspended state), which is exceedingly difficult to achieve if f s becomes very small. Even for the reentrant topology of Fig. 1B (8, 10, 15, 18, 26) produce only a weak suspension and a moderate solid fraction insufficient to repel highly wetting liquids. To suspend completely wetting liquids on a surface with a minimal solid fraction, an entire surface should be uniformly covered with doubly reentrant structures having vertical overhangs as thin, vertical, and short as possible. As illustrated in Fig. 1C , such an ideal doubly reentrant structure minimizes the break-in force by the liquid pressure that wets the cavity and maximizes the surface tension force that suspends the liquid against wetting (eq. S1) (9) . The thin and vertical geometry of the overhangs minimizes their projected area added to the solid fraction, and the shortness of the overhang keeps the increase of the solid fraction by the vertical surfaces at bay. Some superhydrophobic or superoleophobic surfaces described in the literature attempted to incorporate doubly reentrant structures but with little success. For example, only a few doubly reentrant structures were formed among predominantly simple or reentrant structures prone to wetting (3, 14, 25) , and structures barely satisfying the doubly reentrant shape were replicated from springtail skin with only a moderate solid fraction (18) .
To fulfill all the requirements reasoned above and quantified from Fig. 2 , we designed a surface illustrated in Fig. 3A : an array of doubly reentrant structures consisting of microscale posts with nanoscale vertical overhangs. Posts were chosen over ridges or holes to minimize f s more easily. Also, the post array allows the air underneath the droplet to remain connected to the atmosphere so that the liquid is suspended only by surface tension and is not assisted by the pressure of the trapped air. We chose to form the surface structures from SiO 2 for the following two reasons: First, clean SiO 2 is highly wetted (i.e., q Y < 10°) by most liquids (except liquid metals such as mercury), including water (1, 20) . Because roughening of a SiO 2 surface is supposed to amplify the liquid affinity to complete wetting (1), structuring a SiO 2 surface to repel liquids should provide a stark contrast to the existing approach. Second, Si micromachining provides sophisticated equipment and techniques to process SiO 2 . With precisely controlled thermal oxidation of a shallow-etched silicon surface followed by three sequential etching steps on SiO 2 and Si ( fig. S3E ) (28), we successfully fabricated a SiO 2 surface (1.7 cm by 1.7 cm) with close-to-ideal doubly reentrant structures (Fig. 3, B to E). The inclined angle of the vertical overhang is measured to be~85 T 1° (Fig. 3E) , providing a maximum suspension force that is 99.6% of the perfectly vertical overhang shown in Fig. 1C . In spite of the overall resemblance between the microposts in Fig. 3B and those of superoleophobic surfaces (13, (15) (16) (17) , it is the close-to-ideal nanoscale vertical overhangs in Fig. 3 , C to E, that lead to an unprecedented liquid-repellency.
To evaluate the liquid repellency, we chose 14 different liquids (table S1 ) (29), including water, ionic liquid, acid, oils, and numerous polar or nonpolar organic or fluorinated solvents with surface tensions ranging from 72.8 mN/m (i.e., water) to the lowest known value of 10 mN/m (i.e., FC-72). As expected, a smooth SiO 2 surface was highly wetted (q* = q Y < 10°) by all of the liquids (table S2) . In contrast, our structured SiO 2 surface successfully suspended and repelled all of the tested liquids, beading them into Cassie-state droplets (water, methanol, and FC-72 shown in fig. S4A and movie S1) and letting them roll around ( fig. S4B and movies S2 and S3); that is, behaving superomniphobic in air.
To quantify the repellency of our surface, we measured the advancing and receding contact angles (Fig. 4A ) and roll-off angles ( fig. S4C ) of all 14 liquids. For comparison, Fig. 4A also includes the other two liquid-repellent surfaces analyzed in Fig. 1 : a superhydrophobic surface consisting of cylindrical posts (Fig. 1A and fig. S3B ) and a superoleophobic surface consisting of posts with reentrant overhangs (Fig. 1B and fig. S3D ), both of which were coated with a hydrophobic layer of C 4 F 8 . As expected, although the superhydrophobic surface with vertical posts could not suspend liquids with surface tension below~40 mN/m, the superoleophobic surface with reentrant posts repelled liquids with lower surface tension (20 to 40 mN/m). However, liquids with even lower surface tension (<20 mN/m) could not be suspended, as they wicked between the reentrant posts. In contrast, on the surface with doubly reentrant posts, all 14 liquids formed large contact angles, even without any hydrophobic coating.
The extent to which wettability is modulated by surface roughness is shown in Fig. 4B , where the apparent wettability (cosq*) is plotted as a function of the inherent wettability (cosq Y ). Data from our surface with doubly reentrant posts (i.e., blue circles) were populated at the lower right corner in the fourth quadrant near point (1,-1), exhibiting the exceptional ability to render a highly wettable material superrepellent. In contrast, although the two control surfaces permit a Cassie state with nonwettable or partially wettable material, they got soaked when the material was highly wetted by the liquids of very low surface tension (i.e., hexane and six fluorinated solvents), displaying q*~0°with data populated near point (1, 1) . These results are consistent with the theory schematically summarized in fig. S2 .
In addition to repelling all 14 liquids (movie S2), our superomniphobic surfaces are also expected to sustain static ( fig. S5 and movie S4) and dynamic (movie S5) pressures better than the existing superhydrophobic and superoleophobic surfaces (26) . The doubly reentrant structures allow droplets to bounce on even extremely sparse posts (i.e., tens of micrometers of pitch and a solid fraction of only~5%). With high-speed imaging, water, methanol, and FC-72 droplets were confirmed to bounce off the truly superomniphobic SiO 2 surfaces (movie S5). Water (g = 72.8 mN/m) and methanol (g = 22.5 mN/m) droplets rebounded on a surface with microposts of 100-mm pitch; this pitch was much larger than those reported in the literature (3, 15) . However, FC-72 (g = 10 mN/m) droplets penetrated and wetted the above surface at impact. A surface with uniformly halved structures (i.e., f s remaining at~5%) was further prepared to provide enough resistance against impalement and let FC-72 droplets rebound, as shown with snapshots in Fig. 4C . While resisting the physical intrusion of liquids, this surface has no defense against some other intrusion mechanisms such as condensation inside the cavity. The internal condensation would be a common issue to all existing superhydrophobic and superoleophobic surfaces (1), calling for a provision (5) for practical use.
Because the proposed superrepellency depends only on physical attributes, we further fabricated metal (i.e., tungsten) and polymer (i.e., parylene) counterparts based on the given SiO 2 surface and confirmed that they possess the same superrepellency as expected ( fig. S4A) . The ability to repel fluorinated solvents may allow the electronic circuits to be cooled by nucleate boiling (i.e., the most efficient mode of cooling (4) . Free of polymeric coating, the superomniphobic SiO 2 surface can serve at high temperatures. The surface was found unaltered after storage at >1000°C and was used to demonstrate rolling-off of another FC liquid at 150°C and a nonvolatile liquid at >320°C ( fig. S8 and movie S6) . The polymerfree parts are expected to last longer in outdoor environment, where polymeric materials tend to degrade faster. Unaffected by the surface chemistry, the superomniphobic SiO 2 surface also demonstrated prolonged repellency to biological fluids (such as the sheep serum we tested), whereas a regular superhydrophobic surface lost the repellency ( fig. S9 and movie S7) . 
I
n the geosciences, the complexity of compositions and histories of naturally occurring minerals and rocks provides an important ground truth against which experiment and theory are measured. One of the most glaring omissions in the study of Earth's mantle has been the inability to find naturally occurring specimens of what we believe to be Earth's most abundant rockforming phase, (Mg,Fe)SiO 3 in an orthorhombic ABO 3 perovskite structure. Despite appearing for decades in numerous experimental and theoretical studies (1) (2) (3) (4) (5) , characterizations of possible natural samples have not been sufficient to meet International Mineralogical Association criteria for naming a new mineral (6) . Consequently, any detailed chemical, structural, and petrographic analysis of natural (Mg,Fe)SiO 3 -perovskite has remained impossible. In addition, having a formal mineral name for a phase that is so important is important in itself. Various ambiguous or incorrect terms such as "silicate perovskite" and "perovskite" have been used for describing this phase, but they convey ambiguity to the description of research findings. We put this ambiguity to rest by describing the natural occurrence of bridgmanite: MgSiO 3 in the orthorhombic ABO 3 perovskite structure. The name bridgmanite honors Percy W. Bridgman (1882-1961), the 1946 Nobel laureate in Physics, for his fundamental contributions to high-pressure mineralogy in particular, and to high-pressure research in general.
The importance of bridgmanite in the lower mantle of Earth has long been recognized: Several lines of evidence show that it forms through a The bridgmanite-akimotoite clast is a pseudomorph after pyroxene that was trapped in the melt. This observation is consistent with an earlier report about the possible occurrence of bridgmanite with akimotoite in Tenham (16) .
